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第三章 ペプチド鎖を有するフラビン分子触媒による酸素酸化 Baeyer-Villiger 反応の開発  45 
 
 



































Scheme 1. Catalytic cycle of flavin monooxygenae. 
 
FMO の反応シミュレーションより、1989 年に村橋らは中性フラビン環の N5 位をアルキル化
したカチオン性フラビン分子（FlEt+）と過酸化水素を用いたスルフィドやアミンの触媒的酸化




Scheme 2. FlEt+ catalyzed Oxidations with H2O2 or O2 
 
酸素を末端酸化剤として用いた FlEt+によるスルフィドやアミンの酸化反応及びケトンの BV 反











おいては Fl の対応する 4a-ヒドロペルオキシ活性種（FlOOH）が極めて不安定であることが原因































認した。この結果を基に触媒構造の微調整性を行い、Glu を Asp に変更すると更に高い触媒活
性が発現すること明かとなり、樹脂固定型フラボペプチド 3FlC2-Pro-Tyr-Asp-Ado-NHPS（Fl-







第三章では Fl-Pep による酸素を末端酸化剤とする Bayer-Villiger 反応（BV 反応）に関して記
載する。スルフィドの酸素酸化反応において最も活性の高かった 3-FlC2-Pro-Tyr-Asp-Ado-NHPS








Figure 2. a) Chemoselevtive oxygenation reactions with Fl-Pep. b) Regioselective BV oxidation 
 
第 4 章では Fl-Pep 1 と過酸化水素を用いた触媒的酸化反応に展開した。過酸化酸素は安価か
つ取り扱いが容易なうえ、反応後の副生成物が水のみであるという優れた特徴を持つため、末端
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2.2 Results and discussion 
 
2.2.1 Rational design of Fl-Pep 
2.2.1.1 Coupling reaction of flavin and (aminomethyl)polysteren resin  








Figure 3. Direct immobilization of flavin molecure onto PS resin. 
 
 
Scheme 1. Synthesis of lumiflavin-3-acetic acid (6) 
 
  
lumiflavin-3-acetic acid （6）は既知の合成法を参考に合成した (Scheme 1) 3b, 10。樹脂上のア
ミノ基に対して 2.5 等量の 6 及び HCTU と 7.5 等量の N, N-diisopropylethylamine を用いて、2 時
11 
 
間振とうさせると黄色の樹脂を得た（Fig. 4a）。反応の進行は Kaiser Test により確認し、得た樹
脂の固体蛍光を測定するとフラビン 6 の溶液の蛍光と同様のピークが見られた（Fig. 4b）。元素
分析より担持量を 0.998 mmol/g だと算出し、この値は元々の樹脂のアミノ基含有量（1.48 
mmol/g）から計算した理論値（1.02 mmol/g）とほぼ一致した。 
 
Figure 4. (a) Synthesis of 3-FlC2-NHPS. (b) Emmision spectra of 3-FlC2-NHPS (a solid line) and 0.1 
nM of flavin 6 in MeOH (a dod line). (at room temperatire, λex=420 nm) 
 
 3-FlC2-HNPS を用いてヒドラジンを水素源とするオレフィンの水素添加反応を行い、樹脂上
に固定化したフラビンの触媒活性を評価した。反応容器に 3-FlC2-HNPS（5 mol%, 0.025 
mmol）、4-phenyl-1-butene（33 mg, 0.25 mmol）、混合溶媒（THF/CH3CN=3:1）溶媒（1 mL）、









N10 位にカルボキシル基を有するフラビン 9 は既知の合成法 11を基にリボフラビンから合成




Scheme 2. Synthesis of flavins containing carboxylic group 
 
同様の反応条件で縮合を行ったが、フラビン 9 は DMF への溶解性が低く溶け切らなかったため
に懸濁状態の反応溶液を樹脂へ加えた。得られた樹脂はフラビン特有の黄色ではなく黒色で、得
られた樹脂の固体蛍光を測定すると Figure 5b に示すように 9 の溶液とは異なるピークが観察さ
れ、狙った様な縮合反応は起こっていないと判断した。 
 
Figure 5. (a) Synthesis of 10-FlC2-NHPS. (b) Emmision spectra of 10-FlC2-NHPS (a solid line) and 0.1 







Scheme 3. Surpposed reaction mechamism in side reaction.  
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2.2.1.2 Design of Fl-Pep using DFT calculation 
 以下、5 つの条件を満たす Fl-Pep について対応する FlOOHの安定配座を DFT 計算により求
め、活性種とペプチド側鎖が水素結合を形成する Fl-Pep を探した。1）先の実験結果を基に
lumiflavin-3-acetic acid（6）をペプチドの N 末端へ縮合する。2）使用するアミノ酸は入手が容
易な L-アミノ酸とする。3）ペプチドはジペプチド及びトリペプチドとする。4）フラビンに隣
接するアミノ酸残基はターン構造を期待して Pro とする。5）2、3 残基目（Yaa, Zaa）にはヒド
ロペルオキシド部位との水素結合を期待して酸性側鎖を有するアミノ酸残基を中心に配置す
る。以上 5 つの条件をみたす 3-FlC2-Xaa-Yaa-NHMe と 3-FlC2-Xaa-Yaa-Zaa-NHMe について各
FlOOH体の安定配座 DFT 計算（B3LYP/6-31G*）により求めた（Figure 6a）。計算の結果、3-
FlC2-Xaa-Yaa-NHMe の最安定配座ではペプチドが短いために狙った様な水素結合は確認されな
かった。トリペプチド 3-FlC2-Pro-Tyr-Glu-NHMe の場合は狙った様なヒドロペルオキシド部位
と Glu の側鎖カルボン酸との水素結合が見られた（Figure 6b red (3)）。他にもプロリンを挟んで
フラビンカルボン酸由来のカルボニル酸素と Tyr の N 末端アミドとの水素結合により turn が
形成され（Figure 6b blue (1)）、Tyr の OH 基とフラビンの 4 位炭素のカルボニル酸素との水素結
合（Figure 6b green (2)）によりターン構造が固定される様子が見受けられ、これらによりヒド





           a) 
entry Xaa AA2 AA3 
1 Pro Try --- 
2 Pro Glu --- 
3 Pro Gly --- 
4 Pro Tyr Glu 
5 Pro Tyr Gln 
6 Pro Phe Glu 
7 Pro Asp Glu 





Figure 6. a) Calcurated 3-FlC2-Xaa-Yaa-NHMe and 3-FlC2-Xaa-Yaa-Zaa-NHMe. b) Lowest energy 
structure of 3-FlC24a(R)OOH -Pro-Tyr-Glu-NHMe estimated by DFT calculation and graphical representation 
of remarkable hydrogen bond. 
 
 
2.2.2.1 Synthesis of Flavins Including Peptide 
 
 DFT 計算の結果より Pro-Tyr-Glu から成る Fl-Pep が対応する活性種を安定化し、酸化活性を
有することが予想されたので Fl-Pep を合成した。同様に類似の構造を有する Fl-Pep も合成し、
各アミノ酸の影響を比較することとした。 
 アミノ基含有ポリスチレン(aminomethyl)polystyrene （1% ジビニルベンゼン架橋）を用いて
Boc-Ado-OH を縮合し、TFA により Boc 基の脱保護を行った。その後は一般的な Fmoc 固相合
成法にのっとり樹脂上にペプチドを構築し、その N 末端にフラビンカルボン酸 6 を縮合した
(Figure 7a)。得られた樹脂を TFA で処理することでアミノ酸側鎖の保護基である t-Bu 基または
15 
 
Trt 基を脱保護して樹脂担持型 Fl-Pep を合成し（詳細な合成方法は experimental section 参照）、
樹脂に担持したままその酸化活性を評価することとした。尚、別途ペプチド切り出し用リンカ
ーをもつ Rink Amide Resin を用いて上記の(aminomethyl)polystyrene と同様の手順で樹脂上に Fl-
Pep: 3-FlC2-Pro-Tyr-Asp-NH2を合成した後、酸処理によって樹脂上から切り出して構造解析を行
うことで上記の手法で目的の Fl-Pep が合成できる事は確認した(Fig. 7b)。合成した 3-FlC2-Xaa-
Yaa-Zaa-linker-resin の一覧は Table 1 と Chart 1 に記す。 
 
Figure 7. (a) General procedure for synthesis of Fl-Pep. (b) Sturucture of 3-FlC2-Pro-Tyr-Asp-NH2 
 
 
Table 1. Tripeptidic flavins supported on PS resin 
entry AA 1 AA 2 AA 3 label loading (mmol/g) 
1 Pro Tyr Glu Fl-Pep 1a 0.44 
2 Pro Tyr Asp Fl-Pep 2a 0.55 
3 Pro Tyr Gln Fl-Pep 3a 0.53 
4 Pro Phe Glu Fl-Pep 4a 0.55 
5 Pro Asp Glu Fl-Pep 5a 0.53 








Chart 1. Structure of 3-FlC2-X1-X2-X3-Ado-PS 
 
 これまではマニュアル固相合成により Fl-Pep の合成を行っていたが、触媒合成の再現性を確
認するため固相合成の一部を自動合成装置を用いて行い触媒活性をマニュアル合成の結果と比
較した。 




 式 1 で合成した Fmoc-Ala-NH-PS を用い、以下 Fmoc-Xaa-Yaa-Xaa-Ala-NH-PS まで自動合成
装置を用いて合成した（Table 2）。 
 
Table 2. Peptides immobilized on to resin. 
entry Xaa Yaa Zaa label loading (mmol/g) 
1 Pro Tyr Glu Fl-Pep 1b 0.48 
2 Pro Tyr Asp Fl-Pep 2b 0.48 
3 Pro Tyr Gln Fl-Pep 3b 0.53 
4 Pro Phe Glu Fl-Pep 4b 0.47 
5 Pro Asp Glu Fl-Pep 5b 0.40 







2.2.3 Aerobic sulfoxidation with Fl-Pep 
 
2.2.3.1 Initial trial of Fl-Pep-catalyzed oxidation of thioanisole 
N5 置換フラビン触媒による酸素酸化反応においてヒドラジンと TFE を用いると効率的にス
ルフィドの酸化が進行することが報告されている。この知見を基にチオアニソール（12.4 mg, 
0.10 mmol）を基質としてヒドラジン存在下、酸素雰囲気下、TFE（2 mL）中で 10 mol%の樹脂
担持型フラボペプチドを用いて酸化活性の有無を調べた。 
 







1 3-FlC2-Pro-Tyr-Glu-Ado-PS (Fl-Pep 1a) 1 40 
2 3-FlC2-Pro-Asp-Glu-Ado-PS (Fl-Pep 2a) 
Fl-Pep 2a 
1 12 
3 2 17 
4 3-FlC2-PS  1 trace 
5 H-Pro-Asp-Glu-Ado-PS  1 0 
*1 Reactions were carried out using thioanisole (0.1 mmol) in TFE (1.0 mL).  
*2 The yield was determined by GC.  
 
 DFT の計算より 3-FlC2-Pro-Tyr-Glu-NHMe が酸化活性種を安定化し得ることが分かったの
で、同様の配列をもつフラボペプチドを合成し酸化活性の評価を行った。まずアミノメチルポ
リスチレンレジンへスペーサーとして 12-aminododecanoic acid を縮合し、N 末端伸長法で目的
のペプチドを構築し、最後にフラビンカルボン酸 6 を縮合した。DFT 計算の結果を基に合成し
た 3-FlC2-Pro-Tyr-Glu-Ado-PS (Fl-Pep 1a)が酸化能を有する事がわかった(entry 1)。ペプチドとフ
ラビンの相互作用で反応が進行している事を確認するためにフラビンを直接 PS へ固定化した
触媒 3-Fl-PS を用いて同様の反応を行ったが反応の進行は殆ど確認されなかった(entry 4)。ペプ
チド鎖のみで反応が進行する可能性もあったのでペプチド鎖のみで反応を行ったが反応の進行
は全く確認されなかった(entry 5)。X2 を Asp に変更したが反応はあまり進行せず、ヒドラジン




2.2.3.2 The effect of amino acid residue for the oxidation 
ペプチド配列の酸化活性への影響を調べた。チオアニソール（12.4 mg, 0.1 mmol）に対して
ヒドラジン（50.0 mg, 0.40 mmol）存在下、酸素雰囲気下、TFE 中で 10 mol%の樹脂担持型フラ
ボペプチドを用いて反応を行った（Table 4）。 
 






48 h 70 h 
1 3-FlC2-Pro-Tyr-Glu-Ado-PS (Fl-Pep 1a) 
Fl-Pep 1a 
0.1 28 50 
2 0.2 59 95 
3 3-FlC2-Pro-Tyr-Asp-Ado-PS (Fl-Pep 2a) 0.2 79 >99 (60 h) 
4 3-FlC2-Pro-Asp-Glu-Ado-PS (Fl-Pep 5a) 0.2 38 59 
5 3-FlC2-Pro-Phe-Glu-Ado-PS(Fl-Pep 4a) 0.2 32 68 
6 3-FlC2-Pro-Tyr-Gln-Ado-PS (Fl-Pep 3a) 0.2 7 19 
7 3-FlC2-Ala-Tyr-Glu-Ado-PS (Fl-Pep 6a)    
8*3 Fl-Pep 1a 0.2 6 20 
*1 Reactions were carried out using thianisole (0.1 mmol) in TFE (0.5 mL) *2 The yield was determined 
by GC. *3 The reaction was carried out under air.  
 
Table 3 の実験よりヒドラジン量と反応濃度が反応に大きく影響する事がわかったので反応にお
ける濃度の影響をみたところ、濃度を濃くすると収率が大幅に上がり、基質濃度 0.2 M を最適
条件とした（entries 1, 2）。 
3FlC2-Pro-Tyr-Glu-Ado-PS (Fl-Pep 1a)のどのアミノ酸残基が反応に関与しているのかを調べるた
めに X2, X3を変更した(entries 3-7)。この結果より Pro による配座の固定、Tyr の嵩高さと酸性









2.2.3.3 Solvent effect in the catalytic aerobic oxigenation of thioanisole. 
担体であるポリスチレンの膨潤度を考慮して 1,2-dichloroethane（DCE）と TFE の比率を変化
させ、その時の活性を比較した。チオアニソール（12.4 mg, 0.1 mmol）に対してヒドラジン
（50.0 mg, 0.40 mmol）存在下、酸素雰囲気下、TFE/DCE 混合溶媒中で 10 mol%の Fl-Pep 2a を
用いて反応を行い TFE/DCE の比率と酸化活性の関係を調べた（Table 5）。 
 
Table 5. Solvent effect in the catalytic aerobic oxidation of sulfide. *1 
 
entry ratio of TFE/DCE yield (%) *2 
1 100/0 26 
2 75/25 40 
3 50/50 62 
4 25/75 4 
*1 Reactions were carried out using thianisole (0.1 mmol) in TFE (0.5 mL) 
*2 The yield was determined by GC. 
 














響を調べた（Table 6）。チオアニソール（12.4 mg, 0.1 mmol）に対してヒドラジン（50.0 mg, 





Table 6. Oxidation of thioanisole in a TFE-DCE mixed solvent. *1 
 
 
entry cat. and additive GC yield NMR yield note 
1 3-MeLumiflavin 3 4  
2 3-FlC2-NHPS 2 2  
3 3-FlC2-Glu-Ado-NHPS 10 8  
4 3-FlC2-Pro-Tyr-Asp-Ado-NHPS (Fl-Pep 2a) 
60 62  
>99 (36 h) >99 (36 h)  
5 3-FlC2-Pro-Tyr-Asp-Ado-NHPS 41 43 under air 
6*2 3-FlC2-Pro-Tyr-Asp-Ado-NHPS 79 no deta  
7 3-FlC2-Pro-Tyr-Glu-Ado-NHPS (Fl-Pep 1a) 44 46  
8 3-FlC2-Pro-Tyr-Glu-Ado-NHPS no deta 21 under air 
9 3-FlC2-Pro-Phe-Glu-Ado-NHPS (Fl-Pep 4a) 18 24  
10 Fl-Pep 4a + 10 mol% PhOH 16 15  
11 3-FlC2-Pro-Tyr-Gln-Ado-NHPS (Fl-Pep 3a) 12 15  
12  Fl-Pep 3a + 10 mol% AcOH no deta 10  
13 3-FlC2-Ala-Tyr-Glu-Ado-NHPS(Fl-Pep 6a） no deta 18  
14 3-FlC2- Glu-Ado-PS 14 13   
*1 Reactions were carried out using thioanisole (0.1 mmol) in TFE:DCE=1:1 (0.5 mL). 
*2 Conc.= 0.2 M at 35 °C. 
 
 触媒活性の傾向は TFE100%溶媒の系と変化は無く、Fl-Pep 2a が一番高い触媒活性を示し、
36 時間でほぼ定量的に反応は進行した。反応濃度を 0.2 M、温度を 35 °C にすると反応の加速
がみられた（entry 6）。温度が高いとフラボペプチドが取り得るコンフォメーション数が増加
し、活性種の安定化が阻害される可能性もあったが問題なく反応が進行した。Fl-Pep 1a の Pro
部位をAla に変えペプチド配座の自由度を上げると活性が大きく下がった。Pro、Tyr、Glu の








Table 7. Oxidation of thioanisole under different conditions. *1 
 
 




1 O2 10 4 62 
2 air 10 4 15 
3 O2 5 4 50 
4 N2 10 4 0 
5 O2 10 0 0 
*1 Reactions were carried out using thianisole (0.1 mmol) in TFE:DCE=1:1 (0.5 mL) *2 The yield was 
determined by GC. 
 
最も活性の高かった Fl-Pep 2a を用いて様々な条件下で反応を行った（Table 7）。空気下で反
応を行うと活性の低下がみられたが、触媒量を 5 mol%に減らしても収率の大きな低下はみられ
なかった（entries 2 and 3）。酸素源である酸素分子や還元剤であるヒドラジンがない条件下では









Figure 8. The most stable comformations of 3-FlC24a(R)OOH-Pro-Tyr-Glu-NHMe (left) and 3-FlC24a(R)OOH-
23 
 
Pro-Tyr-Asp-NHMe (right) calculated in DFT at B3LYP/61-G* level. Dod lines: hydrogen bonds. 
 3-FlC24a(R)OOH-Pro-Tyr-Glu-NHMe はヒドロペルオキシド部位と Glu のカルボニル基間に 1 つの




2.2.3.5 Aerobic Oxygenation of sulfide with homogenius Fl-Pep 
 







entry cat (mol%) solv. conv. (%) 
1 Fl-Pep 7(5) TFE 0%(24 h) 
2 Fl-Pep 7(5) TFE-AcOH(1:1) 0%(48 h) 
3 Fl-Pep 7(5) CH3CN-AcOH(1:0.2) trace(48 h) 
4 Fl-Pep 7(2.5) TFE-AcOH(1:0.2) 7%(24 h), 19 %(65 h) 
5 Fl-Pep 7(2.5) EtOH-AcOH(1:0.2) 10%(24 h), 15%(65 h) 
6 Fl-Pep 8(10) TFE-DCE (1:1) 7% (24 h) 
7* Fl-Pep 8(10) TFE-DCE (1:1) 40% (24 h), 68%(36 h) 
*8 equivalent of hydrazine monohydrate was used. 
 
樹脂から Fl-Pep を切り出して均一系触媒として用いた場合の酸化活性を調べた（Figure 9）。
Fl-Pep 7 を用いて反応を行ったところ、反応は全く進行しなかった（entry 1）。酸の添加及びヒ
ドラジンを過剰に使用すると反応は進行したが、樹脂担持型ほどの高活性は示さなかった
（entries 2-7）。Fl-Pep 7 と同じペプチド配列の 3-FlC2-Pro-Tyr-Glu-Ado-PS (10 mol%)を用いて
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Figure 10. The effect of amount of hydrazine in flavopeptide-catalyzed oxygenation reaction 
 
 ヒドラジンの当量と反応性の相関を調べた（Figure 10）。ヒドラジン量を 2 等量から増やして























Figure 11. Hammett plot for flavopeptide-catalyzed oxidation of substituted methyl phenyl sulfides using 
O2 as an oxidant. 
 
 ハメットプロットを作成すると=-1.54 となり、本反応が求電子反応であることが確認された
（Figure 11）。N5 置換フラビン由来の 4a-ヒドロペルオキシドを用いた量論的なスルフィドの酸
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mmol に対して 0.5 mL の溶媒を用いていた（Table 9, entry 1）。溶媒量を 0.4 mL と僅かに減ら
し、濃度を 0.25 M とすると反応が大きく加速した。この結果より触媒反応の経過と共に反応が
加速するのは溶媒が揮発したことが大きく影響していることが示唆された。 
 
2.2.3.7 Stereoelective sulfoxidation with Fl-Pep 
 






 フラボペプチド（3-FlC2-Pro-Tyr-Asp-Ado-NH-PS）を用いて 2 位置換ジチアンの酸化反応を行
った（式 2）。反応条件は上式の通りで、モノ酸化体生成物のみを 88％の転化率、
trans/cis=(24:1)のジアステレオ選択性で得た。反応後、ジククロメタン、飽和 Na2SO3を加え抽
出操作を行い生成物を回収した。得た生成物の不斉収率を求めるために HPLC 測定を行った。 
条件：CHIRAL columm OD-H, hexane:IPA=7:3, 0.5 ml/min 
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結果：trans, S 体、2.8％ee、Rt(trans, S) = 25 min, Rt(cis) = 35 min, Rt(trans, R) = 46 min。 
  
過酸によるジチアンの酸化（溶媒、濃度、温度は式 2 と同じ） 
 1.5 等量の過酸化水素を用いた場合は、反応時間 1 時間でモノ酸化体を 100％の転化率、
trans/cis=(15:1)のジアステレオ選択性で得た。 
 1.2 等量の mCPBA を用いた場合は、モノ酸化体は得られず過剰酸化されたと思われる生成物





















挟んでフラビンカルボン酸由来のカルボニル酸素と Tyr の N 末端アミドとの水素結合による 
turn の形成（3）Tyr の OH 基とフラビンの 4 位炭素のカルボニル酸素との水素結合によりター
ン構造が固定される様子が見受けられ、仮説の条件を満たした。この計算結果をもとに、固相
合成により樹脂上にペプチドを構築後、その N 末端に lumiflavin-3-acetic acid を縮合して 3-
FlC2-Pro-Tyr-Glu-Ado-NHPS（Fl-Pep 1a）を合成した。Fl-Pep 1a は樹脂担持型触媒としてスル
フィドの酸素酸化反応に用いることでその活性を評価すると、酸化活性を有することが明らか
となった。各種対照実験より、フラビン、Pro-Tyr-Glu のペプチド配列とスペーサーの両方が高
い酸化活性の発現には必須であることも確認された。Fl-Pep 1a をもとに Glu を Asp に変更した
3-FlC2-Pro-Tyr-Asp-Ado-NHPS（Fl-Pep 2a）は更に高い活性を示し、本触媒系は固体触媒と気体
である酸素を用いる固―気反応であるにも関わらず効率的にスルフィドの酸化反応を進行させ
た。興味深いことに Fl-Pep 2a と同じ配列を有する樹脂から切り出した触媒 3-FlC2-Pro-Tyr-Asp-
Ado-NH2を用いた場合は反応の進行は遅く、ポリスチレン樹脂の疎水場も酸化活性には重要な
要素であった。これは疎水場により分子内水素結合がより強固に働き、活性種からの過酸化水














2.4. Experimental Section 
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2.4.8  Competitive reaction of p-substituted methyl phenyl sulfide 
2.4.9  Stereoselective oxygenation of dithiane 
 
2.4.1 General information 
NMR spectra were recorded using JOEL JNK-ECX-400 spectrometer (1H, 400 MHz), JNM-
ECA-400 spectrometer (1H, 400 MHz), and JNM-ECA-500W (1H, 500 MHz). Chemical shifts were 
reported in ppm using TMS or the residual solvent peak as a reference; CF3COOH (11.5 ppm for 1H NMR) 
or ((CH3)2)SO (2.50 ppm for 1H NMR). UV spectra were recorded on a JASCO V-550 spectrometer. 
Emission spectra were obtained using a Hitachi F-7000 spectrometer. Elemental analysis was carried out 
on a J-Science Lab JM10 micro corder. Gas chromatography analysis were carried out on Shimazu GC-
2010 by using a DB-1 glass capillary columm (0.25 mm×30 m). High-resolution mass spectra were 
obtained on a Waters LCT Premier mass spectra. 
 
Materials 
3-Methyllumiflavin, 3b lumiflavin-3-acetic acid (6), 3b, 15, lumiflavin-10-aceto aldehyde (8), 
Fmoc-Ado-OH 16 and Boc-Ado-OH17 were prepared accroding to the literature prcedures. Lumiflavin-10-
acetic acid (9), and 2-substituted dithiane were synthesized according to the procedures descrived below. 
Solid phase peptide syntheses were performed either on Intavis MultiPep CF automatically or under manual 
operation using (aminomethyl)polystyrene (70–90 mesh, 1% cross-linked, the N loadings were determined 
by elemental analysis in every lot: 1.21 mmol g-1 for the synthesis of Fl-Pep1-a, Fl-Pep2-a, Fl-Pep3-a, Fl-
Pep4-a, and Fl-Pep5-a, 1.38 mmol g-1 for the synthesis of Fl-Pep1-b, Fl-Pep2-b, Fl-Pep3-b, Fl-Pep4-b, 
and Fl-Pep5-b, 1.48 mmol g-1 for the synthesis of 3-FlC2-NH-PS) purchased from Sigma-Aldrich or Rink 
amide Resin purchased from Watanabe Chemical Industries, LTD. All other regents were purchased from 
commercial supplies and used without purification. 
 
2.4.2  Preparation of flavin 
Preparation of lumiflavin-10-acetic acid (9) 
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 To a light-shielding stirred solution of crude aldehyde 8 (65 mg, 0.21 mmol), 2-methyl-2-butene (159 
mg, 2.3 mol), and NaHPO4 (158 mg, 1.0 mmol) in t-BuOH (4 mL) and H2O (3.5 mL) was added dropwise 
NaClO2 (56 mg, 0.62 mmol) in H2O (0.5 mL). The reaction mixture was stirred for 20 min, and then the 
pH was adjusted to 1-2 with 2N HCl. The precipitated was collected by filtration which was washed with 
cold-water, cool ethanol, and diethyl ether and dried in vacuo to give crude flavin 9. Crystallization of the 
crude flavin from conc. HCl-water gave 9 (51 mg, 75%).: 1H NMR (400 MHz, TFA-d)  2.68 (s, 3 H, 
C7’or8’H3), 2.80 (s, 3 H, C7’or8’H3), 5.99 (s, 2 H, C2H2), 8.02 (s, 1 H, C6’or9’H), 8.35 ppm (s, 1 H, C6’or9’H). 
 
2.4.3 Preparation of 3-FlC2-NH-PS 
 To (aminomethyl)polystyrene resin pre-swollen in DMF was added a solution of lumiflavin-3-
acetic acid (2.5 equiv), HCTU (2.5 equiv), and iPr2NEt (7.5 equiv), and the mixture was agitated for 2 h at 
room temperature. The coupling reaction was monitored by quontative Kaiser Test. The suspemsion was 
washed with DMF repeatedly until the solution layer becomes colorless and then with CH2Cl2 (3x), and the 
resulting resin was dried in vacuo at room temperature to give 3-FlC2-NH-PS. The catalyst loading of 3-
FlC2-NH-PS was determined to be 1.00 mmol g-1 by elemental analysis. Found: N 6.99%, H 6.82%, C 
77.47%. 
 
2.4.4 DFT conformational studies of flavopeptide (Fl-Pep) 
 Spartan ’14 (Wavefunction, Inc.; Irvine, California, USA) was used to estimate stable 
conformations of 3-FlC24a (R) -OOH-Pro-Tyr-NHMe, 3-FlC24a (R) -OOH-Pro-Tyr-Gly, 3-FlC24a (R) -OOH-Pro-Glu-
NHMe, 3-FlC24a (R) -OOH-Pro-Tyr-Glu-NHMe, 3-FlC24a (S) -OOH-Pro-Tyr-Glu-NHMe, 3-FlC24a (R) -OOH-Pro-
Asp-Glu-NHMe, 3-FlC24a(R)-OOH-Pro-Tyr-Gln-NHMe, 3-FlC24a(R)-OOH-Pro-Phe-Glu-NHMe 3-FlC24a(R)-
OOH-Ala-Tyr-Glu-NHMe, 3-FlC24a(R)-OOH-Pro-Tyr-Asp-NHMe. Monte Carlo conformational searches for 
these FlOOH-Peps in MMFF were initially conducted. Among the resulting conformers, those with relative 
energy less than 15 kJ mol-1 and over over Bolzmann distribution value of 002 were recalculated in DFT at 
B3LYP/6-31G* level. We analyzed the resulting We analyzes the resulting stuructures to find promising 
hydrogen bonds (see the main manuscript) only in 3-FlC24a(R)-OOH-Pro-Tyr-Glu-NHMe and 3-FlC24a(R)-OOH-
Pro-Tyr-Asp-NHMe.  
 Conformers within 10 kJ mol-1 are shown below, where their relative potential enegy value in kJ 


























































































































2.4.5 Preparation of Fl-Peps 
2.4.5a Preparation of H-Ado-NHPS 
 To the amino functionalized resin pre-swollen in DMF was added a solution of the Boc-Ado-OH 
(2.5 equiv), HCTU (2.5 equiv), and N-ethyldiisopropylamine (7.5 equiv), and the mixture was agitated for 
1.5 h. The suspension was washed with DMF (5×), DMF/CH2Cl2 (4:1) (5×), and CH2Cl2 (3×). The coupling 
reaction was monitored by qualitative Kaiser18 and chloranil tests19 (secondary amine). After coupling of 
Boc-Ado-OH, a mixture of TFA/CH2Cl2 (2:1) was added to the resulting resin pre-swollen in CH2Cl2, and 
the reaction mixture was agitated for 1 h. The solution phase was drained and the resin was again treated 
with a mixture of TFA/CH2Cl2 (2:1) for 20 min. Finally, the resin was washed with CH2Cl2 (4×), 5% 
iPr2NEt in CH2Cl2 (w/w, 6×) and CH2Cl2 (6×), and dried in vacuo to afford H-Ado-NHPS. 
 
 2.4.5b Fl-Pep 1–6 a 
 These flavopeptide were prepared through the mannual solid-phase peptide synthesis from H-
Ado-NHPS following the general procedures for peptide coupling, Fmoc-deprotection, the coupling 
lumiflavin-3-acetic acid, and t-Bu or Trt-deprotection described below. Catalyst loading was determined by 
quantitative Fmoc test of Fmoc-Xaa-Yaa-Zaa-Ado-NHPS. 
 
General procedure for peptide coupling 
 To the amino functionalized resin pre-swollen in DMF was added a solution of the Fmoc-amino 
acid (2.5 equiv), HCTU (2.5 equiv), and N-ethyldiisopropylamine (7.5 equiv), and the mixture was agitated 
for 1.5 h. The suspension was washed with DMF (5×), DMF/CH2Cl2 (4:1) (5×), and CH2Cl2 (3×). The 
coupling reaction was monitored by qualitative Kaiser16 and chloranil tests5 (secondary amine). Even 
though the Kaiser test or Chloranil test was negative, undetected amount of amino group might remain. To 
inactivate such residueals, acetyl cappoing was carried out using acetic anhydride (10 equiv) and 
triethylamine (10 equiv).  
 
General procedure for Fmoc-deprotection 
 A 20% v/v solution of piperidine in DMF was added to the Fmoc-protected resin pre-swollen in 
DMF and the reaction mixture was agitated for 10 min. The solution phase was drained and the resin was 
again treated with 20% v/v solution of piperidine for another 15 min. The resin then washed with DMF 
(3×), DMF/CH2Cl2 (4:1) (5×), and CH2Cl2 (3×). 
 
  General procedure for the coupling of lumiflavin-3-aetic acid 
 To the resin modified by N-terminus unprotected peptide pre-swollen in DMF was added a 
solution of lumiflavin-3-acetic acid (2.5 equiv), HCTU (2.5 equiv), and N-ethyldiisopropylamine (7.5 
equiv), and the mixture was agitated for 2 h. The suspension was washed with DMF repeatedly until the 
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solution layer becomes colorless, then with DMF/CH2Cl2 (4:1) (5×), and with CH2Cl2 (3×). The coupling 
reaction was monitored by either qualitative Kaiser test or chloranil test17. 
 
 
General procedure for t-Bu or Trt-deprotection 
 After the coupling of lumiflavin-3-acetic acid, a mixture of TFA/CH2Cl2 (2:1) was added to the 
resulting resin pre-swollen in CH2Cl2, and the reaction mixture was agitated for 1 h. The solution phase was 
drained and the resin was again treated with a mixture of TFA/CH2Cl2 (2:1) for 20 min. Finally, the resin 
was washed with CH2Cl2 (6×) and dried in vacuo to afford Fl-Pep. 
 
 2.4.5c Fmoc-Ala-NHPS 
 Fmoc-bAla-NHPS was prepared by manual solid-phase-peptide synthesis from 
(aminomethyl)polystyrene resin (H2NPS) following the above general procedure for peptide coupling.  
 
2.4.5d Fl-Pep1–6 b 
 These flavopeptides were prepared through the automated synthesis of Fmoc-AA1-AA2-AA3-
Ala-NH-PS (where AA1=Pro or Ala, AA2=Tyr(t-Bu) or Phe, AA3=Glu(Ot-Bu), Asp(Ot-Bu), or 
Gln(Trt)) from Fmoc-Ala-NH-PS followed by the manual coupling of lumiflavin-3-acetic acid after 
Fmoc-deprotection, and finally t-Bu or Trt-deprotection. The automated processes were carried out by using 
Fmoc-bAla-NH-PS (215 mg, 245 mol), Fmoc-amino acids (0.5 M in DMF, 5.25 equiv), HBTU (0.5 M in 
DMF, 5.25 equiv) as acoupling reagents, N-methylmorpholine (3.9 M in DMF, 9.60 equiv) as a base, Ac2O 
(0.54 M in DMF, 13.2 equiv) as a capping agent, and DMF or NMP (when Fmoc-Pro-OH was used) as a 
solvents under conditions recommended by Intavis. Fmoc-deprotection, the coupling lumiflavin-3-acetic 
acid, and tBu or Trt deprotection under manual operation were carried out following the general procedures 
described below. Catalyst loading was determined by quantitative Fmoc test of Fmoc-Xaa-Yaa-Zaa-Ala-
NHPS. 
 
2.4.6 Preparation of 3-FlC2-Pro-Tyr-Asp-Ado-NH2 
 3-FlC2-Pro-Tyr-Asp-Ado-NH2 was prepared on Rink-amide Resin following the general 
protocol for Fmoc solid phase protocol. After the plavopeptide sequence was sturucted on resin, a mixture 
of TFA/ CH2Cl2 (2:1) was added to modified resin and reaction mixture was aditated for 1 h for t-Bu 
deprotection and clevage of flavopeptide from resin. The solution phase was pooled and the resin was again 
treated with TFA/ CH2Cl2 (2:1) for 20 min. All volatiles were removed from the combined filtrates under 
reduced pressure. Et2O was added to the residue, and the resulting precipitate was washed with Et2O and 
recrystalization from a mixture of MeOH and EtOH to afford the flavopeptide as yellow solid, which was 
charactarized by NMR (1H, 13C, COSY, HMBC, HMQC, ROESY) and mass spectroscopy (MALDY-TOF). 
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MS (MALDI-TOF): m/z calculated for C45H59N9O10 [M + Na]+ 908.4283, found 908.4333.2.4.7
 Aerobic oxygenation of thioanisole with Fl-Pep catalysis 
General Procedure for Flavopeptide-catalyzed Aerobic Oxidation of Thioanisole using hydrazine 
 To a reaction mixture of thioanisole (12.4 mg, 0.10 mmol), Fl-Pep (0.010 mmol, 10 mol%) in 
solvent (0.5 mL) was added NH2NH2･H2O (20 mg, 0.40 mmol), and continued to stir at 25 °C for 24–48 h 
under an atmosphere of oxygen. The formation of methylphenylsufoxide was monitored periodically by 
means of GC analysis. 
 
Oxygenation of Thioanisole by Flavopeptide/Zinc System 
 Activated zinc (26 mg, 0.40 mmol) was added to a stirred mixture of thioanisole (12.4 mg, 0.10 
mmol), Fl-Pep (0.010 mmol, 10 mol%) in a 1:1 mixture of TFE and 1,2-DCE (0.5 mL). The yield of 
methylsulfinylbenzene was determined by means of GC analysis. 
 
Oxygenation of Thioanisole by Flavopeptide/Formic acid System 
 Formic acid (57.5 mg, 1.25 mmol) and NEt3 (15.8 mg, 0.156 mmol) were added to a stirred 
mixture of thioanisole (12.4 mg, 0.10 mmol), 3-FlC2-Pro-Tyr-Glu-Ado-PS (19.1 mg, 0.010 mmol, 10 
mol%) in a 1:1 mixture of TFE and 1,2-DCE (0.5 mL). The yield of methyl sulfinyl benzene was 
determined by means of GC analysis. 
 
Produt isolation 
 To a stirred mixture of thioanisole (124 mg, 1.0 mmol) and Fl-Pep-2a (5 mol, 5 mol%) in a 
TFE–DCE mixed solvent (1:1, 5 mL) was added NH2NH2･H2O (200 mg, 4.0 mmol), and the 
resulting mixture was further stirred at 25 °C under an atmosphere of oxygen. After 14 h, NH2NH2･H2O 
(200 mg, 4.0 mmol) was added, and the reacton was continued for another 34 h to give methyl phenyl 
sulfoxide in 97% GC yield. The catalyst was filtrated off and washed with CH2Cl2 (1 mL x 5), and 
combined filtrate was washed with saturated aqueous Na2SO3. The collected organic layer was dried over 
MgSO4, which was filtrated and concentrated under reduced pressure. The resulting crude product was 
purified by column chromatography on silica gel (hexane:EtOAc=8:1 to 2:3) to afford 119 mg of methy 
phenyl sulfoxide as colorless oil (85%). Analytical data were in aggrement with the published data15. 
 
2.4.8 Competitive reaction of p-substituted methyl phenyls sulfides (X-C6H4SCH3, X = p-MeO, 
p-Me, p-H, p-CN, p-NO2) for flavopeptide-catalyzed aerobic oxygenation. 
 To a stirred mixture of thioanisole  (10 mg, 0.08 mmol) and p-substituted methyl phenyl 
sulfide (0.08 mmol) and 3-FlC2-Pro-Tyr-Glu-Ala-NH-PS (34 mg, 0.010 mmol, 10 mol%) in a TFE—
DCE mixed solvent (1:1, 0.8 mL) was added NH2NH2･H2O (32 mg, 0.64 mmol), and the resulting 
mixture was continued to stir at 25 °C for 4 h under an atmosphere of oxygen. Satured Na2SO3 was added 
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to quench the reation, and the reaction mixture was extracted with diethyl ether. The combined extracts 
were dried over MgSO4 and evaporated under reduced pressure. The product ratios were determined on 
basis of the integration of the methyl protons (X-C6H4-SO-CH3). The singlets for methyl protons of X-
C6H4SCH3 are observed at  = 2.71 (p-MeO), 2.71 (p-Me), 2.73 (p-H), 2.75 (p-CN) and 2.78 ppm (p-
NO2). 
 
2.4.9 Stereoselective oxygenation of dithiane 
Preparation of dithianes 
 
 A mixture of substituted Benzaldehyde (9.8 mmol), dithiol (9.8 mmol), TsOH∙H2O (84 mg, 0.49 
mmol, 5 mol%) and MgSO4 (100 mg) in CHCl3 (50 mL) was stirred at room temperature for 3 h– 4 h. The 
reaction was monitored by TLC. After aldehyde was consumed, 2 N NaOH aq. (20 mL) was added to the 
reaction mixture and extracted with CHCl3 (20 mL x2). The collected organic layer was washed with brine 
and dried over MgSO4 and filtered. Evaporation of the solvent in vacuo gave the crude product. Purification 
by column chromatography (hexan:EtOAc) gave corresponding dithianes.  
 
Oxygenation of 2-Methoxyphenyl-1,3-Dithiane by Flavopeptide 
 NH2NH2･H2O (20 mg, 0.4 mmol) was added to a stirred mixture of thioanisole (12.4 mg, 0.10 
mmol), 3-FlC2-Pro-Tyr-Asp-Ado-NH-PS (0.010 mmol, 10 mol%) in solvent (0.5 mL). The conversion of 
dithiane and the siastereo selectivity were determined on basis of singlet integration of methine protons. 
The methine protons of dithiane and monooxide are observed at  = 4.51 (monooxide, trans), 4.74 
(monooxide, cis), 5.13 ppm (dithiane). Sulfone and dioxide were not observed. The enantiomeric excess 
was determined by HPLC analysis using Daicel Chiralpak OD-H. HPLC: hexane:iPrOH = 7:3, 0.5 mL/min, 
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Bolm ら 4は触媒をキラルな金属錯体とすることで不斉 BV 反応を達成している。近年では金属














機構のシミュレーションより 2005 年に N5 置換カチオン性フラビニウム塩（FlR+）による BV
反応を報告しており（Figure 2b）8、これは有機分子触媒による酸素酸化 BV 反応の初めての例
として注目を集めた。 
 





電子酸化反応を達成している。第 3 章では求核的酸化反応である BV 反応における Fl-Pep の触
媒活性を評価した。 
Fl-Pep の BV 反応における触媒活性を評価したところ、樹脂担持型 Fl-Pep 触媒と亜鉛粉末を
用い、酸素雰囲気下で四員環ケトンを効率的にラクトンへと酸化できることが明らかとなった
（Figure 3a）。更に Fl-Pep はスルフィドやオレフィン存在下でも高い官能基選択性でケトンのみ
を酸化できる高い官能基選択性を示した（Figure 3b）。これはフラビンペルオキシドの温和な酸
化能を活かした優れた特徴である 8, 9。触媒制御による立体選択的 BV 反応、特にエナンチオ選
択的な反応系はいくつか報告があるが 11, 12、レジオ選択的反応に関しては 2 報しかない。1 つ
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は我々の N5 置換カチオン性フラビニウム塩による酸素酸化 BV 反応 9であり、もう一方は
Miller ら 12 c, eのアスパラギン酸含有ペプチド触媒の例のみである。一般的には基質のケトンの
級数の高い炭素側に酸素が挿入たラクトンを与えることが知られている。Fl-Pep を用いた場合
にはフラビニウム塩を用いた場合と同様に mCPBA による酸化とは異なる選択性でラクトンを
与え、特異な位置選択性を示す BV 反応が進行した（Figure 3c）。これらの官能基及びレジオ選
択性は Fl-Pep による酸素酸化反応における酸化活性種がヒドロペルオキシ体であることを強く
示す結果である。第三章で記すこれらの結果は酵素の活性中心に等しい N5 位無置換中性フラ
ビン分子による初めての酸素酸化 BV 反応に成功した例である。 
 
 
Figure 3. a) Fl-Pep-catalyzed aerobic Baeyer-Villiger oxidation reaction. b) Chemoselective oxidation with 





3.2 Result and Discussion 
3.2.1 Baeyer-Villiger Oxidation with molecular Oxygen 
 
 スルフィドの酸素酸化反応において優れた触媒能を発揮した Fl-Pep 1a を用いて 3-
Phenylcyclobutanone の酸素酸化 BV 反応を行った（Table 1）。還元剤は過去の報告を参考に 9亜
鉛粉末を用い、トルエン、エタノール、トルエン－エタノール混合溶媒の三種類の溶媒を用い
て反応を行った。反応の進行は 1H NMR により確認し、基質と生成物の比を求めた。反応はト
ルエン－エタノール混合溶媒中で効率的に進行し、反応開始より 6 時間後に Pro/Sub = 1.71 と
なり、ラクトンの生成が確認された。一方、溶媒がトルエンもしくはエタノールのみではほと
んど反応は進行しなかった。0 価の亜鉛が還元剤として働くと、電子 2 個と ZnX2（X–=OH, 






Table 1. Fl-Pep-catalyzed aerobic BV reaction a 
 
entry solvent time (h) Pro/Sub 
1 toluene/EtOH (1:1) 6 1.71 
2 toluene 24 0.01 
3 EtOH 24 0.07 









 各種対照実験をトルエン－エタノール溶媒下で行ったところ、ペプチドのみ（Pep 1）や Fl-Pep 
1a のペプチドの酸性側鎖を保護した触媒（Fl-pep 1a(tBu)）を用いた場合や触媒、亜鉛、酸素の
いずれかが欠けた条件下では反応が進行しなかった（Table 2）。これらの結果より Fl-Pep 1a に
よる BV 反応がフラビンとペプチドの協奏的働きによって進行していることが確認された。 
 
 




entry catalyst zinc (equiv) atmosphere conv. (%) yield (%) 
1 Pep 1a 5 O2 19 14 
2 Fl-pep 1a(tBu) 5 O2 <1 n.d. b 
3 none 5 O2 8 <1 
4 Fl-pep 1a none O2 31 n.d. 
5 Fl-pep 1a 5 N2 4 <1 




















1 CH3CN/toluene 1:1 5 10 60 6 35 
2 CH3CN/toluene 1:1 5 50 60 6 11 
3 CH3CN/toluene 1:1 5 100 60 6 3 
4 CH3CN/toluene 2:1 5 5 60 6 5 
5 CH3CN/toluene 2:1 5 30 60 6 56 
6 CH3CN/toluene 2:1 5 50 60 12 61 
7 CH3CN/toluene 2:1 5 10 35 40 70 
8 CH3CN/toluene 2:1 5 10 25 40 42 
9 CH3CN/toluene 2:1 5 30 35 24 65 
10 CH3CN/toluene 2:1 3.5 20 35 24 60 





12 b, c CH3CN/toluene/EtOAc 8:4:1 3.5 20 35 15 66 
13 b CH3CN/toluene/EtOAc 8:4:1 2 20 35 7 19 
14 b CH3CN/toluene/EtOAc 8:4:1 3.5 0 35 7 18 
15 b CH3CN/toluene/EtOAc 4:2:1 3.5 20 35 4 47 
16 b CH3CN/toluene/EtOAc 2:1:1 3.5 20 35 4 31 
17 b CH3CN/toluene/EtOAc 8:2:1 3.5 20 35 4 57 
a Determined by 1H NMR analysis using hexadecane or dodecane as an internal standard. b Fl-pep 1b was 
used instead of Fl-pep 1a. c Substrate 0.80 mmol scale and isolated yiled. 
 
 Fl-Pep 1a の酸化活性が認められたので、様々な条件下で反応を行い最適条件を探した（Table 
3）。当初はエタノールを用いていたがラクトンの加溶媒分解が見られたため、代わりに水を添加
した。反応温度は 60 ℃下から 35 ℃まで下げても効率的に反応は進行した。過去に報告されて
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いる FlR+による BV 反応の溶媒を参考に最終的にアセトニトリル－トルエン－酢酸エチル混合




3.2.2 Effect of Peptide, Resin and Reductant 
 
 最適条件下で両親媒性の Tenta Gel 樹脂 13を用いた Fl-Pep 3 や樹脂から切り出した Fl-Pep 4、
もしくはペプチド構造の無い、3-methyllumiflavin、3-FlC2-NH-PS を用いて反応を行ったが、Fl-
Pep 1b 程の高い活性は見られなかった（Figure 4）。このことより、スルフィドの酸化反応の場合
と同様にペプチド部位の分子内水素結合が鍵となり酸化反応が進行しており、ポリスチレン樹
脂の疎水場は分子内水素結合をより強固にし、狙った様な活性種の安定化がより有利になって
いると推察される。類似の疎水的な反応場の特徴を生かした Fl の酸素酸化 BV 反応の例として










Table 4. Catalytic activity of Fl-Pep 2b and FlEt+ClO4–.a 
 
 
entry catalyst conv. (%)b yield (%)b 
product ratio b 
4 5 
1 Fl-Pep 1b 76 64 54 46 
2 FlEt+ClO4- 66 63 57 43 
3 none 0 0 – – 
4 3-FlC2-NHPS 0 0 – – 
5 3-Me-lumiFl 0 0 – – 
a Reactions were performed using 0.1 mmol of 3, 3.5 equiv. of Zn, and 20 equiv of H2O in a mixed solvent 
(CH3CN—toluene—EtOAc) in the presence of 5 mol% of catalyst under 1 atm of O2 at 35 ºC. b Determined 
by 1H NMR analysis using dodecane as an internal standard. 
 




れる 7, 14。興味深いことに Fl-Pep 1b もその特徴を有することが明らかになった。触媒を加えな
い場合や単純なフラビン触媒を用いた場合は目的の BV 反応は進行しないも確認しており
（entries 3–5）、これらの結果は Fl-Pep 1b による BV 反応が活性種 4a-peroxyflavin を経由してい




 これまでは Fl の還元過程における還元剤及び水素源として Zn 粉末と水を用いてきた。生体
内では NAD(P)H がその役割を果たすことが知られており、非金属水素源を用いた BV 反応を試
みた。水素源としては NAD(P)H のモデル化合物として知られる BNA とハンチュエステルを検
討しが（Table 5）15、反応の進行は確認されなかった。 
 
Table 5.  Aerobic BV reaction using organic hydrogene source.a 
 
 
entry reductant additive conv. (%) yield (%) 
1c Zn H2O (20) 88 73 
2 BNA H2O (20) 0 0 
3d HE none 0 0 
a Reactions were performed using 0.1 mmol of 3 and 3.5 equiv. of reductant in a 
mixed solvent (CH3CN—toluene—EtOAc) in the presence of 5 mol% of Fl-Pep 1b 
under 1 atm of O2 at 35 ºC. b Determined by 1H NMR analysis using dodecane as 











3.2.3 Regio- and Chemoselevtive Baeyer-Villiger Oxidation 
 
 高度に官能基された化合物の分子変換反応は困難であるが、近年、官能基選択的な触媒系が
開発され、Late-stage functionalization に適応されている 17。酸化反応においても官能基選択的
反応の開発は求められており、オレフィンやスルフィド存在下にケトンのみをラクトンへ酸化
できればその有用性は高い。触媒量の Fl-Pep 1b と還元剤として亜鉛を用いて、酸素雰囲気下
で同量のケトンとオレフィン存在下、酸化反応を行うとラクトンのみが高い選択性で得られた
（式 3）。これに対し mCPBA を用いるとラクトンとエポキシドの両方が生成し（式 4）、Fl-Pep 
1b の高い官能基選択性が明らかとなった。オレフィンの代わりに更に酸化されやすいスルフィ












次いで Fl-Pep による BV 酸化反応における位置選択性を調べた（Figure 5）。Fl-Pep 1b によるケ
トン 3 の BV 反応は異なる位置異性体 4a と 4b を 51:49 の比で与え、オレフィン部位は全く酸化
されなかった（式 7）。一方、mCPBA を用いた場合は 4a が主生成物として得られ、エポキシド
の生成も確認され、Fl-Pep 触媒系が過酸による酸化とは大きく異なる選択性を示すことが明らか
となった（式 8）。Baeyer-Villiger monooxygenase (BVMO)によるケトン 3 の酸化反応は位置異性
体 4a と 4b を 51:49 で与えることが知られており 7, 8（式 9）、Fl-Pep 触媒系は BVMO と類似の選






Figure 5. Regioselectivity on the aerobic BV reaction of (±)-cis-bicyclo[3.2.0]hept-2-ene-6-one. 
 
 
3.2.4 Mechanistic Aspects of aerobic BV reaction with Fl-Pep 
 異なるフラビン骨格から成る Fl-Pro-Tyr-Asp-Ado-NHPS を合成し、それぞれの触媒活性を調
べた（Table 6）。フラビン酵素の活性中心に等しい構造のルミフラビン誘導体及び、ルミフラビ




これまでの結果をより、Fl-Pep による酸素酸化 BV 反応の活性種は 4a-peroxyflavin（Fl-









Table 6. Catalytic activity and electron density of flavin. a 
















a Reactions were performed using 0.1 mmol of 1, 3.5 equiv. of Zn, and 20 equiv of H2O in a mixed solvent 
(CH3CN—toluene—EtOAc) in the presence of 5 mol% of Fl-Pro-Tyr-Asp-Ado-NHPS under 1 atm of O2 at 35 






























3. 4 Experimental Section 
 
2.4.1   General information and materials 
2.4.2   Baeyer-Villiger oxidation of 3-phenylcyclobutan-1-one with flavin catalyst 
2.4.3   Competitive reaction 
2.4.4   Preparation of flavin 
 
 
2.4.1 General information and materials 
NMR spectra were recorded using JOEL JNK-ECX-400 spectrometer (1H, 400 MHz), JNM-
ECA-400 spectrometer (1H, 400 MHz), and JNM-ECA-500W (1H, 500 MHz). The chemical shifts of 1H 
NMR signals is quoted relative to tetramethylsilane. Gas chromatography analysis were carried out on 
Shimazu GC-2010 by using a DB-1 glass capillary column (0.25 mm×30 m). 
 Fl-Peps were prepared according to the experimental section in chapter 2. 3-
Phenylcyclobutanone18 , BNAH15b and BT19 were prepared according to the reported procedure. All other 
reagents were purchased commercial supplies and used without further purification. 
 
 
3.4.2 Baeyer-Villiger oxidation of 3-phenylcyclobutan-1-one with flavin catalyst 
 
Typical procedure 
 A mixture of 3-phenylcyclobutan-1-one (14.6 mg, 100 mol), flavin catalyst (5 mol, 5 mol%), 
zinc (22.8 mg, 350 mol), H2O (36 l, 2.0 mmol), and dodecane (1 mol, internal standard) in an 
acetonitrile—toluene—ethyl acetate mixed solvent (8:4:1, 1.0 mL) was stirred at a defined temperature 
(25–60 ºC) for 6–40 h under an atmosphere of oxygen. The yield of -phenyl--butyrolactone was 
determined by 1H NMR spectroscopy of the crude mixture 
 
Product isolation 
A mixture of 3-phenylcyclobutanone (117 mg, 0.80 mmol), Fl-Pep 1b (0.040 mmol, 5 mol%), 
H2O (290 L, 16 mmol) and zinc (183 mg, 2.80 mmol) in an acetonitrile—toluene—ethyl acetate mixed 
solvent (8:4:1, 8.0 mL) was stirred at 35 °C under an atmosphere of oxygen for 15 h. The catalyst was 
filtered out and washed with CH2Cl2 (5 × 1 mL), and the combined filtrate was washed with saturated 
aqueous Na2SO3 (5 mL). The aqueous layer was extracted with CH2Cl2 (4 ×7 mL), and the combined 
organic layers were dried over Na2SO4, which was filtered and concentrated under reduced pressure. The 
resulting crude product was purified by flash column chromatography on silica gel using a mixture of 
hexane and ethyl acetate 7:3 as eluent to afford 83 mg of -phenyl--butyrolactone as colorless oil (66%). 
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Analytical data were in agreement with the published data8. 1H NMR (400 MHz, CDCl3)  : 2.68 (dd, J = 
9.1, 17.4 Hz, 1 H, -C(O)CHH-), 2.93 (dd, J = 8.7, 17.4 Hz, 1 H, -C(O)CHH-), 3.76-3.83 (m, 1 H, ArCH), 
4.27 (dd, J = 8.0, 9.2 Hz, 1 H, OCHH-), 4.67 (dd, J = 7.9, 9.1 Hz, 1 H, -OCHH-), 7.23-7.25 (m, 2 H, ArH), 
7.29-7.32 (m, 1 H, ArH), 7.36-7.39 (m, 2 H, ArH); 13C NMR (CDCl3, 100 MHz, ) : 35.7, 41.1, 74.1, 126.7, 
129.2, 139.5, 176.4: elemental anal. calcd. for C10H10O2: C 74.06, H 6.22; found for C 73.97, H 6.30. 
 















































X : parts per Million : 1H




























3.4.3 Competitive reaction 
Competitive experiments (section 3.2.3 in main text) were carried out and analyzed according to 
the following procedures. 
 
3-Phenylcyclobutan-1-one vs cyclooctene under Fl-Pep condition (equation ). 
A mixture of 3-phenylcyclobutan-1-one (14.6 mg, 0.10 mmol), cyclooctene (11.0 mg, 0.10 
mmol), Fl-Pep 1b (5.0 mmol, 5 mol%), dodecane (0.010 mmol, internal standard), H2O (36 L, 2.0 mmol) 
and zinc (22.9 mg, 0.35 mmol) in a toluene—acetonitrile—ethyl acetate mixed solvent (4:8:1, 1.0 mL) was 
stirred at 35 ºC for 7 h under an atmosphere of oxygen. The yield of products were determined by 1H NMR 
spectroscopy of the crude mixture, which was described below. 
 
















X : parts per Million : 13C
220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0 -20.0
62 
 
A mixture of 3-phenyl cyclobutanone (14.6 mg, 0.10 mmol), cyclooctene (11.0 mg, 0.10 mmol), 
mCPBA (20.9 mg, 0.12 mmol), NaHCO3 (8.4 mg, 0.10 mmol) and hexadecane (0.010 mmol, internal 
standard) in CH2Cl2 (0.5 mL) was stirred at room temperature for 5 h. The yield of products were calculated 
by 1H NMR spectroscope of the reaction mixture, which was described below. 
 
 
3-Phenylcyclobutan-1-one vs thioanisole under Fl-Pep conditions. 
A mixture of 3-phenylcyclobutan-1-one (14.6 mg, 0.10 mmol), methyl phenyl sulfide (12.4 mg, 
0.10 mmol), Fl-Pep 2 (5.0 mol, 5 mol%), dodecane (0.010 mmol, internal standard), H2O (36 L, 2.0 
mmol) and zinc (22.9 mg, 0.35 mmol) in a toluene—acetonitrile—ethyl acetate mixed solvent (4:8:1, 1.0 
mL) was stirred at 35 ºC for 7 h under an atmosphere of oxygen. The yield of products were determined 
by 1H NMR spectroscopy of the crude mixture, which was described below. 
 
 
3-Phenylcyclobutan-1-one vs thioanisole under mCPBA conditions. 
A mixture of 3-phenyl cyclobutanone (14.6 mg, 0.10 mmol), methyl phenyl sulfide (12.4 mg, 
0.10 mmol), mCPBA (20.9 mg, 0.12 mmol), NaHCO3 (8.4 mg, 0.10 mmol) and dodecane (0.010 mmol, 
internal standard) in CH2Cl2 (0.5 mL) was stirred at room temperature for 24 h. The yield of products were 










ketone vs olefine with Fl-Pep 
 
 
 chemical shift (ppm) peak integral yield (%) 
dodecane (6H) 0.88 6.00  
lactone (1H) 2.90 - 2.97 6.50 67 
olefin (2H) 5.58 - 5.64 21.12 99 
































X : parts per Million : 1H
6.0 5.0 4.0 3.0 2.0 1.0













ketone vs olefin with mCPBA 
 
 chemical shift (ppm) peak integral yield (%) 
hexadecane (6H) 0.88 6.00  
lactone (1H) 2.65 - 2.71 3.28 33 
lactone + epoxide 2.88 - 2.97  16.08  
epoxide (2H) 2.88 – 2.94 16.08 – 3.28 = 12.8 64 
ketone (2H) 3.21-3.32 14.04 70 


































































X : parts per Million : 1H
6.0 5.0 4.0 3.0 2.0 1.0
olefin 2H


















ketone vs sulfide with Fl Pep 
 
 
 chemical shift (ppm) peak integral yield (%) 
dodecane (6H) 0.88 6.00  
lactone and sulfoxide 2.65 - 2.73 7.80  
lactone 2.90 - 2.97 7.14 65 
sulfoxide (3H) 2.73 7.80 – 7.14 = 0.66 2 
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ketone vs sulfide with mCPBA 
 
 chemical shift (ppm) peak integral yield (%) 
dodecane (6H) 0.88 6.00  
sulfide (3H) 2.49 4.98 17 
sulfoxide (3H) 2.75 23.37 78 
sulfone (3H) 3.05 1.21 4 
ketone (1H) 3.63 - 3.74 9.83 99 
Lactone (2.65 – 2.73 ppm) was not detected. 
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 Fl-1chapter 2 and Fl-321 were prepared according to the literature procedure. Fl-2, Fl-4, and Fl-5 
were prepared according to the procedure below. 
 
Fl-2 
Preparation of N,4-dimethyl-5-methoxy-2-nitroaniline. (NA 2) 
 5-chloro-N,4-dimethyl-2-nitroaniline (1.00 g, 5.0 mmol) was dissolved in MeOH (10 mL). To 
this solution was added to 28% sodium methoxide methanol solution (4 mL, 16.4 mmol), and the mixture 
stirred at 90 ºC for 18 h. The reaction mixture was cooled, poured into water and extracted with EtOAc. 
The combined organic phases were washed by brine, dried over anhydrous magnesium sulfate, and the 
EtOAc was removed in vacuo to give a title compound without purification (809 mg, 82%). 1H NMR (500 
MHz, DMSO-d6) δ 2.10 (s, 3 H, 4-CH3), 3.03 (d, 4.98 Hz, 3 H, NCH3), 3.92 (s, 3 H, OCH3), 6.05 (s, 1 H, 
6-ArH), 7.97 (s, 1 H, 3-ArH), 8.38 (brs, 1 H, NHCH3).    
 
Preparation of 8-methoxy-7,10-dimethylisoalloxazine (lumiFl 2) 
A mixture of 5-methoxy-N,4-dimethyl-2-nitroaniline (1.00 g, 5.2 mmol), Pd/C (5%, 115 mg, 52 
mol) and acetic acid (35 mL) was stirred at 40 ºC for 22 h under H2. The mixture was filtrated through a 
pad of celite under an N2 atmosphere into a mixture of alloxane monohydrate (1.05 g, 7.3 mmol) and boric 
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acid (450 mg, 7.3 mmol). The mixture was stirred at r.t. for 1.5 h. The product was corrected by filtration, 
washed by water and EtOH, dried in vacuo to give crude product containing the title compound (916 mg, 
crude yield 65%). 
 
Preparation of ethyl 8-methoxy-7,10-dimethylisoalloxazine-3-acetate. 
The crude product containing 8-methoxy-7,10-dimethylisoalloxazine (853 mg, 3.12 mmol) and 
anhydrous potassium carbonate (1.64 g, 11.9 mmol) were suspended in dry DMF (130 mL). To this 
suspension was added ethyl bromoacetate (2.94 g, 17.4 mmol), and the mixture stirred at 60 ºC for 16 h 
under N2. The reaction mixture was filtered, and DMF was removed by rotary evaporation. Water was 
added to the resulting solid and the mixture was extracted with CH2Cl2. The combined organic phases were 
dried over anhydrous magnesium sulfate, and CH2Cl2 was removed in vacuo. The crude product was 
purified by silica gel column chromatography (CHCl3/MeOH = 25 : 1, Rf =0.30) to give a title compound 
(288 mg, 13% for N,4-dimethyl-5-methoxy-2-nitroaniline). 1H NMR (500 MHz, CDCl3) δ 1.29 (t, J =7.2 
Hz, 3 H, CO2CH2CH3), 2.37 (s, 3 H, 7-CH3), 4.10 (s, 3 H, 10-NCH3), 4.15 (s, 3 H, 8-OCH3), 4.24 (q, J = 
7.1 Hz, 2 H, CO2CH2CH3), 4.87 (s, 2 H, NCH2CO), 6.83 (s, 1 H, 9-ArH), 8.05 (s, 1 H, 6-ArH). 
 
Preparation of 8-methoxy-7,10-dimethylisoalloxazine-3-acetic acid. (Fl 2) 
 Ethyl 8-methoxy-7,10-dimethylisoalloxazine-3-acetate (200 mg, 0.56 mmol) was dissolved in 
concentrated hydrochloric acid (3.0 mL), and the mixture was stirred at 80 ºC for 1.5 h. After the reaction 
mixture was cooled, and water was added to the solution. The orange crystals were precipitated. The crystals 
were collected by filtration, washed with water and EtOH, and dried in vacuo to give the title compound 
(168 mg, 91%). 1H NMR (500 MHz, DMSO-d6) δ 2.32 (s, 3 H, 7-CH3), 4.07 (s, 3 H, NCH3), 4.12 (s, 3 H, 
8-OCH3), 4.56 (s, 2 H, NCH2CO), 7.27 (s, 1 H, ArH), 8.01 (s, 1 H, ArH). 
 
Fl-4 
Preparation of Ethyl 10-phenylisoalloxazine-3-acetate  
10-Phenylisoalloxazine (764 mg, 2.63 mmol) and anhydrous potassium carbonate (3.65 g, 26.3 
mmol) were suspended in dry DMF (20 mL). To this suspension was added ethyl bromoacetate (4.63 g, 
26.3 mmol), and the mixture stirred at 60 ºC for 4 h under N2. The reaction mixture was filtered, and DMF 
was removed by rotary evaporation. Water was added to the resulting solid and the mixture was extracted 
with CH2Cl2. The combined organic phases were dried over anhydrous magnesium sulfate, and the CH2Cl2 
was removed in vacuo. The crystals were recrystallized from EtOH/Et2O (= 1 : 2) to give the title compound 
as a green powder (337 mg, 34%). 1H NMR (400 MHz, CDCl3) δ 1.29 (t, J = 7.0, 7.3 Hz, 3 H, CO2CH2CH3), 
4.23 (q, 2 H, CO2CH2CH3), 4.84 (s, 2 H, NCH2CO), 6.91 (dd, J = 0.9, 8.6 Hz, 1 H, ArH), 7.29-7.34 (m, 2 




Preparation of Ethyl 10-phenylisoalloxazine-3-acetic acid. (Fl 4) 
Ethyl 10-phenylisoalloxazine-3-acetate (300 mg, 0.80 mmol) was dissolved in concentrated 
hydrochloric acid (8.0 mL), and the mixture was stirred at 110 ºC for 2 h. After the reaction mixture was 
cooled, and water was added to the solution. The yellow crystals were precipitated. The crystals were 
collected by filtration, washed with water, and dried in vacuo to give the title compound (206 mg, 74%). 
1H NMR (400 MHz, DMSO-d6) δ 4.55 (s, 2 H, NCH2CO), 6.81 (d, J = 9.29 Hz, 1 H, ArH), 7.47-7.51 (m, 
2 H, ArH), 7.63-7.83 (m, 5 H, NPh), 8.27 (dd, J = 1.1, 8.15 Hz, 1 H, ArH). 
 
Fl-5 
Preparation of Ethyl 8-chloro-7,10-dimethylisoalloxazine-3-acetate 
The crude product containing 8-chloro-7,10-dimethylisoalloxazine22,23 (806 mg, 2.91 mmol) and 
anhydrous potassium carbonate (2.24 g, 16.2 mmol) were suspended in dry DMF (100 mL). To this 
suspension was added ethyl bromoacetate (2.00 g, 12.0 mmol), and the mixture stirred at 40-50 ºC for 5 h 
under N2. The reaction mixture was filtered, and DMF was removed by rotary evaporation. Water was 
added to the resulting solid and the mixture was extracted with CH2Cl2. The combined organic phases were 
dried over anhydrous magnesium sulfate, and the CH2Cl2 was removed in vacuo. The crude product was 
purified by silica gel column chromatography (CHCl3/MeOH = 10 : 1, Rf =0.56) to give a title compound 
(404 mg, 43% for 5-chloro-N,4-dimethyl-2-nitroaniline). 1H NMR (500 MHz, CDCl3) δ 1.30 (t, J = 6.9, 7.2 
Hz, 3 H, CO2CH2CH3), 2.56 (s, 3 H, 7-CH3), 4.10 (s, 3 H, 10-NCH3), 4.24 (q, J = 7.1 Hz, 2 H, CO2CH2CH3), 
4.86 (s, 2 H, NCH2CO), 7.67 (s, 1 H, ArH), 8.18 (s, 1 H, ArH). 
 
Preparation of 8-chloro-7,10-dimethylisoalloxazine-3-acetic acid (Fl 5) 
Ethyl 8-chloro-7,10-dimethylisoalloxazine-3-acetate (250 mg, 0.69 mmol) was dissolved in 
concentrated hydrochloric acid (2.0 mL), and the mixture was stirred at 50-80 ºC for 5.5 h. After the reaction 
mixture was cooled, and water was added to the solution. The yellow crystals were precipitated. The crystals 
were collected by filtration, washed with water, and dried in vacuo to give the title compound (205 mg, 
89%). 1H NMR (500 MHz, DMSO-d6) δ 2.51 (s, 3 H, 7-CH3), 3.99 (s, 3 H, NCH3), 4.57 (s, 2 H, NCH2CO), 
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4.2 Results and Discussion 
4.2.1 Flavopeptide-catalyzed sulfoxidation with hydrogen Peroxide 
4.2.2 Flavopeptide-catalyzed oxidation of secondary amine with hydrogen Peroxide 















ある 3。フラビン酵素の活性中心のモデル化合物として、Fl の誘導体である FlEt+は古くより用




が再生することで触媒サイクルが完結する（Figure 1）。Furstoss らは 1996 年に FlEt+による BV











Figure 8. FlEt+-catalyzed oxygenationreactions with H2O2. 
 
 
Figure 9. Dihydroxylation of alkene using OsO4-NMM-flavin-H2O2. 
 




触媒的過酸化水素酸化への応用は 1992 年の米田ら報告のみである 7。彼らは 6、8 位にカルボ
キシル基を導入した Fl をスルフィドに対して 50 mol%用いると、60%収率で目的のスルホキシ
ドが得られたことを報告している。この触媒系は効率の点で改善の余地が残されており、反応
活性種についての詳細な検討もなされていなかった。私は独自に設計したフラボペプチドが酸
素酸化反応において高い活性を示したことをもとに Fl と過酸化水素から直接的に活性種 FlOOH
を生成させることができれば、生成した活性種は水素結合による安定化を受けて基質を酸化す
ることが可能ではないかと仮説を立てた。第 4 章ではスルフィドの酸化反応、第二級アミンの








4.2 Results and Discussion 
4.2.1 Flavopeptide-Catalyzed Sulfoxidatio with Hydrogen Peroxide 
 
 























a The reactions were performed using 0.1 mmol of sulfide and 0.2 mmol of H2O2 in 0.5 mL of toluene at 25 
ºC. b in 48 h. b Determined by GC analysis. c In 60 h. d A toluene—MeOH (9:1, 0.1 M) mixed solvent was 
used. 
 
 まずスルフィドの過酸化水素酸化において Fl-Pep の活性を評価した（Table 1）。触媒は酸素
酸化反応において最も活性の高かった Pro-Ty-Asp から成る 3-FlC2-Pro-Tyr-Asp-Ado-NHPS（Fl-
Pep 1）を 5 mol% と 35％過酸化水素水を 2 等量用い、トルエン中、25℃下で撹拌した。21 時
間後に GC 測定を行ったところ、基質の転化率は 69%であった。この結果と触媒を加えなかっ
た場合や単純な 3-methyllumiflavin（3-MeFl）もしくはペプチドのみ（Pep 1）を用いた場合と比
entry cat. yield (%)b 
1 Fl-Pep 1 XX 
2c Fl-Pep 1 96 
3 Fl-Pep 1 TG 14 
4 Pep 1 13 
5 3-MeFl 3 
6d Fl-Pep 1 homo  
7 no cat. 2 
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較すると明らかに Fl-Pep 1 が高い活性を有することがわかった。興味深いことに樹脂を両親媒




成る Fl-Pep を合成し、チオアニソールの酸化反応に用いた（Figure 5）。反応効率は酵素と同じ
骨格のフラビン環を有する Fl-Pep が最も高くなり、電子不足になるにつれて、効率が下がっ











4.2.2 Catalytic Oxidation of Secondary Amine to Nitrone with Fl-Pep catalyst using H2O2 
 
Table 8. Effect of base in Fl-Pep-catalyzed oxidation of dibenzylamine using H2O2. a 
 
 
entry conditions time amine : nitroneb 
1 Fl-Pep 1 40 h  42:58 
2 no cat 40 h >99:1 
3 Fl-Pep 1 (at 40 °C) 24 h >99:1 
    
4 Fl-Pep 1+ NMM 40 h  full conv. 
    
5 Fl-Pep 1 + NMM 24 h 27:73 
6 NMM 24 h >99:1 
7 Fl-Pep 1 + NMM (at 40 °C) 24 h 62:38 
    
8 Fl-Pep 1 + pyridine 24 h  19:81 
9 pyridine 24 h  79:21 
    
10 Fl-Pep 1 + Et3N 40 h  48:52 
11 Fl-Pep 1 + iPr2NEt 40 h  27:73 
12 Fl-Pep 1 + G 1  40 h  29:71 
13 Fl-Pep 1 + K2CO3 aq 40 h >99:1 
14 Fl-Pep 1 + NH3 aq 40 h  45:55 
a The reactions were performed using 0.1 mmol of dibenzylamine and 0.4 mmol of H2O2 with Fl-Pep 





化を行った。Fl-Pep のみを用いた場合、40 ℃ではほとんど反応は進行せず、60 ℃下で反応を
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た場合には NMM 程の加速効果は見られなかった。 




Figure 11. Proposed interlaction of FlOOH–hydrazine or NMM salt for the oxidation. 
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 これらの結果を基にいくつかの第二級アミンに対して、少し条件を変更して Fl-Pep–NMM 触
媒による酸化を行った。ジベンジルアミンは対応するニトロンを良好な単離収率で与え（Table 
2, entry 1）、ジブチルアミンと 1, 1, 2, 2,-ヒドロイソキノリンについても中程度の収率で目的物
を与えた（Table 2, entries 2, 3）。一般的な酸化剤を用いた場合には 1, 1, 2, 2,-ヒドロイソキノリ
ンはジアルキルアミンよりも酸化されやすく、Fl-Pep を用いた場合も同様の傾向がみられ、
25℃でも反応は進行した。 
Table 9. Fl-Pep 1-catalyzed oxygenation of secondary amine with H2O2.a 
 
 
a Reactions were performed using 1.0 mmol of amine and 4.0 mmol of H2O2 
with Fl-Pep in 5 mL of toluene. b Determined by 1H NMR analysis. c Isolated 









4.2.3 Baeyer-Villiger Oxidation with Flavopeptide using H2O2 
 
 求核的酸化である Baeyer-Villiger（BV）反応において異なるフラビン骨格を有する触媒を合
成し、それぞれの活性を評価した（Table 4）。Fl-Pep を 5 mol%と 3 等量の過酸化水素水を用い
て 3-phenylcyclobutanone の酸化をトルエン中、室温で行ったところ、フラビン酵素本来の活性
中心と等しい構造を有する Fl-Pep 1 よりも電子不足な Fl-Pep 3 が最も高い活性を示し 70%収率
で目的のラクトンを与えた（entry 4）。Fl-Pep 3 よりも更に電子不足な触媒（Fl-Pep 4, 5、entries 
5, 6）や電子豊富な触媒（Fl-Pep 2、entry 1）では効率的な酸化は進行しなかった。また NMM
の添加効果も見たが、僅かに反応が早くなったのみであった（entry 2 vs 3）。反応系はトルエン
と過酸化水素水の二層系かつ Fl-Pep 1 は固体であるにも関わらず効率的に働いたのはトルエン
により樹脂が膨潤していることが大きな要因であると考えられる。ペプチド（Pep 1）のみを触
媒として用いた場合や触媒を加えなかった場合もラクトンの生成がみられた（entries 8、9）。酸
性条件下ではケトンと過酸化水素よりラクトンが得られることが報告されており 11、Pep 1 の場











entry cat. conv. (%)b yield (%)b 
1 Fl-Pep 2 52 32 
2 Fl-Pep 1 42 23 
3 c Fl-Pep 1 45 29 
4 Fl-Pep 3 90 70 
5 Fl-Pep 4 51 27 
6 Fl-Pep 5 50 36 
7d Fl-Pep 1 32 18 
8 pep 1 55 27 
9 no cat. 36 13 
a Reactions were performed using 0.1 mmol of ketone and 0.3 mmol H2O2 with 5 mol% of catalyst in 0.4 
mL of toluene.b Determined by NMR analysis using dodecane as an internal standard. c NMM was added.d 








単純な 3-MeFl と過酸化水素を混合して生じる 4a－ヒドロペルオキシ活性種は不安定である
ために速やかに過酸化水素の脱離が進行し、酸化反応への応用が困難であった。一方、Fl-Pep
は水素結合による活性種の制御を鍵とした酸素酸化反応を達成している。これを基に私は過酸





合には効率的に反応が促進された。これは Fl-Pep 1 のカルボン酸部位のアミン塩が重要な働き
をすることが示された。酸化反応を利用したアミン含有化合物の合成及び官能基変換は重要な
研究分野であるにも関わらず 9、有機分子触媒と過酸化水素による第二級アミンのニトロンへ
の酸化は N5 位置換カチオン性フラビンのみしか報告例がない。より効率的な Fl-Pep 触媒によ















4.4 Experimental Section 
 
General 
 NMR spectra were recorded using JOEL JNK-ECX-400 spectrometer (1H, 400 MHz), JNM-
ECA-400 spectrometer (1H, 400 MHz), and JNM-ECA-500W (1H, 500 MHz). Chemical shifts were 
reported in ppm using TMS or the residual solvent peak as a reference; CF3COOH (11.5 ppm for 1H 
NMR) or ((CH3)2)SO (2.50 ppm for 1H NMR). Gas chromatography analysis were carried out on 
Shimazu GC-2010 by using a DB-1 glass capillary columm (0.25 mm×30 m).  
 
Materials 
 Flavins and Fl-Peps were prepared accroding to the procedure in chapter 2 and 3. Other regents 
were used without further purification. 
 
General procedure for oxidation of thioanisole with Fl-Pep using H2O2. 
 To a reaction mixture of Fl-Pep 1 (5 mol%) and thioanisole (12.4 mg, 0.10 mmol) in toluene 
(0.5 mL) was added 30 % H2O2 aq. (10 L, 0.20 mmol, 2.0 equiv) at 25 ºC and stirred for 21–48 h. A 
resulting mixture was distilled with dicholoromethane (0.5 mL), and the yield was determined by GC 
analysis. 
 
 Effect of the base in the oxidation of secondary amine to nitrone (table 2) 
 To 1 M of a solution of NMM in toluene (100 L, 10 mol, 10 mol%) were added Fl-Pep (10 
mol, 10 mol%), dibenzylamine (19.7 mg, 100 mol) and toulene (0.40 mL), and stirred for 1 h at room 
temperature After an addition of H2O2 aq. (20 L, 400 mol), a reaction mixture was stirred at 60 ºC for 
24–48 h. A reation mixture was distilled with acetonitrile (0.5 mL), and a ratio of amine and nitrone was 
determined by 1H NMR spectroscopy of the crude mixture.  
 
General procedure for oxidation of secondary amine to nitrone  
 A mixture of secondary amine (1 mmol), Fl-Pep (0.08 mmol, 8 mol%) and NMM (0.08 mmol, 
8 mol%) in toluene (0.5 mL) was stirred for 20 min at room temperature. After an addition of H2O2 aq. 
(200 L, 4 mmol) a reaction mixture was stirred for 28–48 h at 60 .  
 
General procedure for Baeyer-Villiger reaction with H2O2 
 To a mixture of 3-phenylcyclobutanone (14.6 mg, 0.10 mmol), Fl-Pep (5 mol) and dodecane 
(1 mol) as an internal standard in toluene (0.4 mL) was added 30 wt% H2O2 aq. (15 l, 0.30 mmol) at 
room temperature, and stirred at 35 C for 9 h. The conversion of substrate and yield of product were 
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